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Abstract

(1-x)Nao.sBio.5TiO3-xNaNbOs (x=0.02, 0.04, 0.06 and 0.08) ceramics were fabricated by solid

state reaction. High-resolution synchrotron x-ray powder diffraction (SXPD) data, coupled with

macroscopic electromechanical measurements, reveal the occurrence of an electric field-

induced irreversible crystallographic transformation for x=0.02 and 0.04, from a pseudo-cubic

non-ergodic relaxor to a rhombohedral or coexisting rhombohedral-tetragonal long range-

ordered ferroelectric phase respectively. The highest unipolar electrostrain, corresponding to

an effective longitudinal piezoelectric strain coefficient of approximately 340 pm V-!, was

obtained for x=0.04; this effect is attributed to enhanced domain switching as a result of the co-

existing rhombohedral and tetragonal phases for this composition, which is critical for

piezoelectric actuator applications.

Keywords: sodium bismuth titanate, phase transformation, high-resolution synchrotron x-ray

diffraction, ferroelectric, relaxor ferroelectric



1. Introduction

For many decades, electromechanical devices such as actuators, transducers and sensors

have been manufactured using lead zirconate titanate (PZT) ceramics, with compositions near

a so-called morphotropic phase boundary (MPB). Coexistence of rhombohedral and tetragonal

crystal symmetries at the MPB leads to large piezoelectric and electromechanical coupling

coefficients.[1] Nevertheless, confirmed legislation restricting the use of lead in electronics due

its hazardous and toxic nature demands the substitution of PZT by Pb-free alternatives. Indeed,

significant research has been conducted in order to develop Pb-free piezoelectrics that may be

suitable to replace PZT in many technological applications.[2]

First reported in 1961, Nao.sBiosTiOs (NBT) has become one of the most popular candidates to

replace PZT because of its high remnant polarization and electric field-induced strain.[3]

Undoped NBT ceramics exhibit a large coercive field (Ec),[4] but, due to interest in

electromechanical actuator applications, several NBT-based solid solutions been developed

such as NBT-0.06BaTiO3-Ko.sNaosNbOs (NBT-BT-KNN). Such materials tend to exhibit lower

Ec values but still provide large electric field induced strains.[5, 6]. Recently, NBT-based solid

solutions such as NBT-0.08BT-NaNbO3(NN) have also been explored for dielectric energy

storage applications.[7] The temperature-dependence relative permittivity of NBT-based

materials is often marked by a significant frequency dispersion, which is due to the presence of

polar nano-regions (PNRs), commonly found in other lead [8-14] and lead-free [15-21] relaxor

ferroelectrics (RFs). NBT-based solid solutions, such as NBT-0.07BT and NBT-xKNbQO3 (NBT-

xKN) (x=0.01-0.09) are often reported to have a pseudo-cubic structure, commensurate with a

RF. [22, 23] Interestingly, the structure of unmodified NBT has been described as



macroscopically rhombohedral with localised nanoscale monoclinic regions. [24, 25]

It has been shown that many NBT-based ceramics exhibit improved electrostrain as a result of

an electric field-induced phase transformation from a non-ergodic RF to a metastable

ferroelectric (FE) state. This is accompanied by a transformation from pseudo-cubic to

distinctive lower-symmetry structures. For example, an electric field-induced structural

transformation from pseudo-cubic to mixed rhombohedral and tetragonal phases was found in

NBT-0.07BT by Daniel [23], generating a high electric field-induced strain of 0.42% in single

crystal form. [26] Furthermore, the addition of 1-2% KNN to NBT-BT leads to a higher

polarisation and an even higher electric field-induced strain ~ 0.49%, as found by Jo [27] in bulk

ceramics. In the related NBT-0.2KosBiosTiO3(NBT-KBT) solid solution, a structural

transformation from pseudo-cubic to a combination of rhombohedral and tetragonal symmetries

was identified by Royles et al [28] using “in-situ” synchrotron x-ray diffraction. Recently, an

electric-field induced structural transformation from pseudo-cubic to rhombohedral was also

reported in the (1-x)NBT-xKN solid solutions with x=0.01-0.05.[22]. This transformation was

also found to be reversible upon heating.[29]

NaNbOs (NN) is generally accepted to be an anti-ferroelectric (AFE) compound with

orthorhombic structure.[30] Nevertheless, refinement of high-resolution neutron diffraction data

has revealed a FE monoclinic structure.[31] Recently, Jung et al [32] proposed using pure NN

in piezoelectric nano-devices, such as a piezoelectric nano-generator. Moreover, NaNbOs3 is

reported to be a promising lead-free material for high energy density ceramic capacitors. By

adding a small amount of Bi2Os, an ultrahigh energy storage efficiency of 85.4% and energy

density of 4.03 J cm™ at 250 kV cm' was reported by Zhou et al. [33] Overall, NN is regarded



as an attractive lead-free piezoelectric end-member, particularly in binary or ternary solid

solutions such as (Na, K, Li)NbOs.[34, 35] Li et al investigated the NBT-xNN solid solution and

identified a rhombohedral structure with x=0-0.06, which changes to pseudo-cubic when x

increases to 0.1.[36] On the other hand, a single-phase rhombohedral structure was reported

by Wu et al [37] in NBT-xNN ceramics with x=0.1-0.4, however these researchers did not

investigate the impact of electrical poling on crystal structure. The best piezoelectric properties

were found for NBT-0.02NN, with d33=80-88 pC N-' and kp=18 %, but the results of electrostrain

measurements were not reported.[36] Another study was focused on both dielectric and

impedance analysis for NBT-xNN, but largely ignored compositional effects.[38] Recently, a

relative permittivity reaching 1500 over a wide temperature range was reported for NBT-xNN

with high NN contents (x=0.4-0.6), which suggests that such compositions might be suitable for

use as dielectrics in high temperature capacitor applications. It is also notable that increasing

NN content in NBT-NN solid solutions leads to improved dielectric energy storage density up to

0.71 J cm3 at a maximum electric field of 7 kV cm', as reported by Xu et al.[7, 39]

The aim of the present study is to precisely determine the impact of electric field on crystal

structure and phase transformations in NBT-xNN (x=0.02-0.08) ceramics using high-resolution

x-ray powder diffraction (SXPD). Detailed crystallographic parameters are obtained from full-

pattern refinements. As reported previously by Wang [22], this was achieved using crushed

powders derived from unpoled and poled ceramic pellets to analyse the electric field-induced

structural transformations. Microstructure, ferroelectric and piezoelectric properties are

investigated alongside crystal structure determination, to provide further insight into the

structure-property relationships.



2. Experimental Procedure

Nao.5Bio.5TiO3-xNaNbO3 (x=0.02, 0.04, 0.06 and 0.08) ceramics were synthesized by the solid-
state reaction method using analytical-grade powders: Na2C03(99.8%), Bi203(99%), TiO2(99%),
Nb205(99%). Mixed powders were milled for 24 h in propan-2-ol using zirconia milling media,
subsequently dried and then calcined for 10 h at 900 °C to form the solid solution. Calcined
powders were re-milled for 24 h to break down particle aggregates and reduce particle size.
Dried powders were pressed into 6.5 mm diameter pellets under a uniaxial pressure of 150

MPa and sintered at 1180 °C for 3 h in air.

Sintered ceramic samples having a relative density of approximately 95% were finely ground,
coated with silver paste (Gwent group) and fired at 500 °C for 30 min to form electrodes. For
measurement of ferroelectric properties, the specimens were placed in a silicone oil bath and
tested using an electric field up to 6.5 kV mm-" at a frequency of 1 Hz. The amplitude of the
electric field was confirmed to be beyond coercive field for NBT-based materials, thereby
allowing investigations of the electric field-induced structural transformation. [22, 29, 40-43]
Ferroelectric polarisation-electric field loops were recorded using the method described
previously.[44] The longitudinal piezoelectric charge coefficient, d3s, was measured using a
Piezotest PM300 dss meter. Strain-electric field loops were obtained using an aixACCT TF
2000E tester at a frequency of 1 Hz at room temperature. The displacement data was
synchronously captured by a laser interferometer. Microstructural examination of the polished
cross-sections was carried out by scanning electron microscopy (SEM) using a Phillip XL30.

Average grain sizes were determined by the linear intercept method.

Phase identification and structural parameter analysis was achieved by high-resolution



synchrotron x-ray diffraction (SXPD) measurements at beamline 111,[45] Diamond Light Source
Ltd., UK. The wavelength of the incident beam (1=0.494731(10) A) was calibrated using a
diffraction pattern from a high quality Si powder. Unpoled ceramic powders were prepared by
crushing as-sintered ceramic pellets, followed by an annealing procedure at 550 °C for 4 h to
eliminate residual stress. Poled ceramic pellets were prepared similarly by first removing the
conductive electrodes then crushing into fine powder. It was reported previously that such a
crushing procedure can be an effective approach to examine electric field-induced structural
transformations.[46] The powder samples were loaded and compacted into 0.3 mm diameter
glass capillaries, which were mounted onto the spinning capillary holder on the beamline. An
energy of 25 keV was used while the diffraction patterns were recorded using a multi-analyser
crystal (MAC) detector. Full-pattern refinements of the SXPD patterns were carried out using

TOPAS 5.[47] Results of crystallographic parameters and phase fractions were obtained by

refinements presented below.

3. Results and Discussions

3.1. Structural characterisation of NBT-xNN (x=0.02-0.08) ceramic powders

All NBT-xNN powders are found to be single-phase perovskite-type solid solutions, as

confirmed by the SXPD data. Representative diffraction peak profiles for NBT-xNN powders

are presented in Figure 1, showing the {111}, {200}y, {211}y and {220}, peak profiles of the 4

compositions for both unpoled and poled powders.



—— Unpoled {110}, (111}, {200}, @11},
— Poled

NBT-0.08NN A

—{npoled
Poled

NBT-0.06NN
——Unpoled

AL A
AL
Ay
Nt

Intensity (a.u.)

—{Jnpoled
jp=—— Poled

NBT-0.02NN
10.0 10.2 104 124 126 128 144 14.8 14.8

20/

Figure 1. Selected diffraction peak profiles of {110}, {111}, {200}y, and {211}, for NBT-xNN
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powders with x=0.02-0.08, showing both unpoled (black lines) and poled (red lines) states.

For the unpoled state, single peaks are evident for all 4 compositions indicating a predominantly
pseudo-cubic structure. All of the peaks shifts to lower angles with increasing NN concentration,
indicating an expansion of the lattice. In contrast, for the poled state, peak splitting occurs for x
=0.02 and x = 0.04. Specifically, a rhombohedral phase, characterised by double {110}, {111},
{211} peaks and a single {200}, peak, are identified for NBT-0.02NN. For NBT-0.04NN, all four
peaks are observed to be doublets, indicating a mixed phase of rhombohedral and tetragonal
structures. These distorted structures are retained after removing the electric field and crushing
the ceramic into powder form prior to the SXPD measurements, indicating the occurrence of
an irreversible electric field-induced structural transformation. A similar irreversible field-induced
structural transformation from pseudo-cubic to rhombohedral was observed in NBT-xKN

(x=0.01-0.05) solid solutions, which was attributed to the nonergodic-relaxor (NR) phase. For



a NR, a pseudo-cubic structure is observed for the unpoled state, which can be transformed
into a metastable FE rhombohedral state upon the application of an electric field, which is

retained when the electric field is reduced to zero.

It is concluded that the application of an electric field irreversibly transforms the pseudo-cubic
phase into a rhombohedral structure, for both NBT-0.02NN and NBT-0.04NN ceramics,
indicating their NR nature. In contrast, only slight peak shifts and no peak splitting are evident
for NBT-0.06NN and NBT-0.08NN, which comprise a pseudo-cubic phase before and after
electrical poling. These observations are attributed to increasing disorder due to the

incorporation of NN into the NBT solid solution, as reported in the similar NBT-KN system.[22]

Full-pattern refinement of the diffraction data for NBT-0.02NN and NBT-0.04NN was carried out
using TOPAS 5 in order to obtain the crystallographic parameters and quantify the relative
phase fractions. For both unpoled and poled powders, experimental diffraction data are fitted
using several single or mixed-phase models, such as the rhombohedral R3m/R3c, monoclinic
Cc, tetragonal P4bm (weak-polar), P4mm and cubic Pm3m. The best fits for NBT-0.02NN and
NBT-0.04NN in the unpoled state are obtained using a single cubic phase, as shown in Figure
2(a-b). The experimental and calculated diffraction patterns are presented in Figure 2(a-b) with
representative peak profiles for {110}y, {111}p and {200}, and {211}, shown as inserts. The
crystallographic parameters determined from the refinements are listed in Table 1 below. In
contrast, the best fit for poled NBT-0.02NN is obtained using a single-phase rhombohedral R3c
structure, as shown in Fig. 2(c), whereas for NBT-0.04NN a mixed-phase refinement comprising
rhombohedral R3c phase (52%) and tetragonal weak-polar P4bm phase (47%) is favoured, as

illustrated in Figure 2(d). A significant superlattice diffraction peak, corresponding to the (3%%)1,



reflection of the R3c phase, is also observed for both compositions in the poled state (Figure

2c,d) at a 26 value of approximately 12.2°, which is related to oxygen octahedral tilting in the

R3c rhombohedral phase.[48] Additionally, ¥2(310) at 26 ~ 16.37078° and '%2(510) at 26 ~

26.54414°, corresponding to P4bm superlattice peaks, are observed for poled NBT-0.04NN.

There were no obvious changes in crystal structure for NBT-0.06NN and NBT-0.08NN, which

yielded the best fits using a single phase Pm3m structure, as shown in Figure S1-2 (supporting

information).
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Figure 2. The SXPD full pattern refinements for (a) unpoled NBT-0.02NN, (b) unpoled NBT-

0.04NN, (c) poled NBF-0.02NN and (d) poled NBT-0.04NN. The black circles are experimental

data, the red line represents the calculated results from the full-pattern refinement, and the

green line is the difference profile between experimental and calculated diffraction patterns.



Phases / % Lattice parameter
Materials R C T GOF
R C T
a/A c/A a/A a/A c/A
UN-2NN 0 100 | O N/A 3.8806(11) N/A 1.96
UN-4NN 0 100 | O N/A 3.8825(5) N/A 1.85
P-2NN 100 0 0 | 5.4825(5) 13.5477 (11) N/A N/A 2.13
P-4NN 52 0 48 | 5.4838(3) 13.5394(9) N/A 5.49654(4) | 3.90308(8) 1.87

Table 1. Phase fractions and crystallographic parameters determined from full-pattern
refinements for NBT-0.02NN (2NN) and NBT-0.04NN (4NN), in both unpoled (UN) and poled

(P) states; R: R3¢, C: Pm3m and T: P4bm phase; GOF: Goodness of Fitting.

To facilitate a comparison between the crystal structures of the NBT-NN powders in the unpoled
and poled states, the rhombohedral structure is transformed into the equivalent pseudo-cubic
setting following the method described previously. [22] The results obtained for the changes in
lattice parameter, apc, and inter-axial angle, apc, as a function of composition for the NBT-xNN
solid solution system are illustrated in Figure 3. For the unpoled state, a single pseudo-cubic
phase is identified for all compositions with x=0.02-0.08, while apc increased from 3.88062(11)
to 3.88952(2) A with increasing NN concentration. The latter trend is consistent with the sizes
of the constituent ions, with the estimated effective ionic radius of Na* (1.39 A) being greater
than that of Bi3* (1.03 A) in 12-fold co-ordination and that of Nb5* (0.64 A) being greater than
that of Ti4* (0.605 A) in 6-fold co-ordination.[49] During poling of NBT-0.02NN, the structural
transformation generates a significant increase of apc, from ~3.88062(11) A to 3.89903(7) A,

and reduction of apc, from ~90.015°(3) to 89.663°(6). For NBT-0.04NN, the application of an




electric field results in significant transformations from a pseudo-cubic phase (apc~3.88252(5)

A) to mixed rhombohedral (apc~3.89836(9) A, apc~89.697°) and tetragonal (c/a~1.0042) phases.
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Figure 3. Variations in (a) lattice parameter and (b) inter-axial angle as a function of composition

for both unpoled and poled NBT-xNN ceramic powders. The uncertainty in lattice parameters if

not shown lies within the size of the data point.

3.2. Polarisation-electric field (P-E) and current density (J-E) loops

The P-E and J-E loops obtained for the NBT-xNN ceramics at room temperature, after poling

under an AC electric field of 6.5 kV mm-', are displayed in Figure 4(a-d). Typical FE switching

behaviour is observed for both NBT-0.02NN and NBT-0.04NN at room temperature with high

remanent polarization values of approximately 0.24 and 0.28 C m2, respectively, indicating that

an irreversible phase transformation from weak-polar to ordered FE phase had occurred under

application of the electric field, denoted as the NR to FE transition.[50] Further evidence can

also be found from the appearance of the J-E loops in that a single switching peak is observed

at the FE coercive field. This type of irreversible electric field-induced phase transformation was

reported previously by Wang and Jo, who observed similar behaviour in NBT-KN and NBT-BT

solid solutions.[22, 51] In contrast, the constricted P-E loops, for both NBT-0.06NN and NBT-



0.08NN ceramics, are similar in appearance to those observed in other NBT-based systems.[48,

52] Both of these compositions still exhibit a relatively high maximum polarisation ~0.3 C m-2,

but the remanent polarisation values are reduced to approximately 0.2 and 0.1 C m=

respectively. In addition, two peaks are present in the sections of the J-E loops corresponding

to both increasing and reducing electric field. This type of behaviour is usually attributed to

reversible transformations between weak-polar and metastable long-range ordered FE phases,

with the forward and backward transition fields being denoted Trr and Tr-r, respectively. [53]

The influence of NN content on the maximum polarisation (Pmax), remanent polarisation (Prem),

Ec: and piezoelectric coefficient (dss) for NBT-xNN ceramics are illustrated by the results

presented in Figure 4(e, f). The highest values of Prem~0.28 C M2, Pmax~0.36 C m2 and d33~118

p CN-' are achieved for the NBT-0.04NN ceramic due to the electric field-induced NR to FE

phase transformation and the resulting coexistence of FE rhombohedral and tetragonal phases.



o
e
Q
>><,
o

Y
E_ / KV mon

002 004 o006 008 000 002 004 006 008
X %

Figure 4. (a-d) P-E and J-E loops (e-f) Variations in Pmax, Prem, Ec and dss with NN content for

NBT-xNN ceramics. *The ds3 value for x=0.00 was obtained from literature.[36]

3.3. Strain-electric field (S-E) loops

Bipolar and unipolar S-E loops obtained at room temperature for NBT-xNN (x=0.02-0.08)
ceramics under an applied electric field of 6.5 kV mm-' are shown in Figure 5. A FE butterfly-
type S-E loop is observed for NBT-0.02NN, exhibiting a negative strain (Sneg) of ~ -0.08%,
saturated strain (Ssat) of ~ 0.04% and maximum strain (Smax) of ~0.12%. Upon increasing NN
concentration to 4%, the magnitude of Sneg reduces dramatically while Smax nearly doubles, with
Sneg ~ -0.02%, Ssat ~ 0.05% and Smax ~ 0.21%. Further increments of NN content led to
significant reductions in Smax t0o 0.13% and 0.08%, for NBT-0.06NN and NBT-0.08NN,

respectively. Similar behaviour is obtained from unipolar S-E loop, exhibiting Smax of ~0.21% for



composition with x=0.04. In summary, the highest Smax~0.21% with effective piezoelectric strain
coefficient d33” (=Smax/Emax) ~343 pm V-' values is obtained for x=0.04, which is attributed to the

coexistence of rhombohedral and tetragonal phases.

(a) ——x=0.02 1 (b) X=0.02
0.2 ——x=0.04 7
x=0.06 /
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Figure 5. (a) Bipolar and (b) Unipolar S-E loops for NBT-xNN (x=0.02-0.08) ceramics.

3.4. Microstructure of NBT-xNN ceramics

SEM back-scattered electron images from polished cross-sections of NBT-xNN (x=0.02 to 0.08)
bulk ceramics are illustrated in Figure 6. The grain size is relatively homogeneous, and no
secondary phases were evident for any composition. The average grain size decreases
systematically as NN content increases, ranging from ~8.3 um for x=0.02 to ~5.8 um for x=0.08.
This effect is attributed to the lower diffusion rate for Nb5* ions and the consequent reduction in

grain growth rates during high temperature sintering. [54, 55]



Figure 6. SEM images of polished ceramic cross-sections for (a) NBT-0.02NN (b) NBT-0.04NN

(c) NBT-0.06NN (d) NBT-0.08NN.

4. Conclusions

Nao.5Bio.5TiO3-xNaNbO3 (x=0.02-0.08) ceramics have been successfully synthesized using the

solid state reaction method followed by conventional high temperature sintering. An irreversible

electric field-induced structural transformation for x=0.02 and x=0.04 is identified using high-

resolution SXPD measurements. All compositions in the unpoled state are characterised by a

pseudo-cubic structure. Rhombohedral and coexisting rhombohedral-tetragonal phases are

observed in poled NBT-0.02NN and NBT-0.04NN ceramics, respectively, while the pseudo-

cubic structure is retained for higher NN contents. Similar electric field-induced structural

transformations from pseudo-cubic to rhombohedral have been reported for the NBT-KN

system. However, higher Prem~0.28 C M2, Smax~0.21%, d33~118 pC N-' and d33'~343 pm V-

values are obtained for NBT-0.04NN ceramics. Here, we reported that both piezoelectric and

ferroelectric properties can be optimized by electric field-induced irreversible structural

transformation from nonergodic relaxor ferroelectrics to ferroelectrics, which is critical for



piezoelectric actuator applications.
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Captions of all figures

Figure 1. Selected diffraction peak profiles of {110}, {111}p, {200}p, and {211}, for NBT-xNN

powders with x=0.02-0.08, showing both unpoled (black lines) and poled (red lines) states.

Figure 2. The SXPD full pattern refinements for (a) unpoled NBT-0.02NN, (b) unpoled NBT-
0.04NN, (c) poled NBF-0.02NN and (d) poled NBT-0.04NN. The black circles are experimental
data, the red line represents the calculated results from the full-pattern refinement, and the

green line is the difference profile between experimental and calculated diffraction patterns.

Figure 3. Variations in (a) lattice parameter and (b) inter-axial angle as a function of composition
for both unpoled and poled NBT-xNN ceramic powders. The uncertainty in lattice parameters if

not shown lies within the size of the data point.

Figure 4. (a-d) P-E and J-E loops (e-f) Variations in Pmax, Prem, Ec and dss with NN content for

NBT-xNN ceramics. *The ds3 value for x=0.00 was obtained from literature.[36]

Figure 5. (a) Bipolar and (b) Unipolar S-E loops for NBT-xNN (x=0.02-0.08) ceramics.

Figure 6. SEM images of polished ceramic cross-sections for (a) NBT-0.02NN (b) NBT-0.04NN

(c) NBT-0.06NN (d) NBT-0.08NN.



Captions of all Tables

Table 1. Phase fractions and crystallographic parameters determined from full-pattern
refinements for NBT-0.02NN (2NN) and NBT-0.04NN (4NN), in both unpoled (UN) and poled

(P) states; R: R3¢, C: Pm3m and T: P4bm phase; GOF: Goodness of Fitting.



